How mammalian cells regulate their physical size is currently poorly understood, in part due to the difficulty of accurately quantifying cell volume in a high throughput manner. Here, using the fluorescence exclusion method, we demonstrate that the mechanosensitive transcriptional regulators YAP (Yes-associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif) are novel regulators of single cell volume.
Introduction
The question of cell size is at the core of how organisms coordinate cell growth and proliferation.
Cell volume dysregulation has been broadly used as a biophysical marker for disease, notably cancer (Kozma and Thomas, 2002; Dannhauser et al., 2017) . At a basic level, with increasing cell size, the cell surface to volume ratio shrinks, potentially altering the ratio of membrane-bound components to cytoplasmic components, thus fundamentally changing both inter and intra-cellular revealed that mitotic cells swell suddenly before cytokinesis (Zlotek-Zlotkiewict et al., 2015) , and that some types of cells show an adder-like behavior to achieve cell volume homeostasis (Cadart et al., 2018) .
In previous work, we demonstrated a relationship between cell volume, cell cortical tension 2014), we found that YAP/TAZ activity is directly correlated with cell cytoskeletal tension, and modulating cell tension can delay cell cycle progression. These results suggest that cell tension and the Hippo pathway work together to control the G1/S cell cycle checkpoint, thus determining the cell volume.
Results
We used the fluorescence exclusion method to quantify single cell volume as previously described (Perez Gonzalez, Rochman, Tao et al., 2018). Briefly, we fabricated microchannels coated with collagen I (Fig. 1a) . Single cells were seeded at low density and allowed to adhere. After cell adhesion, medium was infused with fluorescent FITC-Dextran, which evenly labeled the cell surroundings but remained exclusively in the extracellular medium, exhibiting minimal endocytosis within 5 hours (Fig. 1b) . The epifluorescent images obtained were then segmented (Fig. 1c) , and the 3D cell volume was computed as depicted in Fig. 1d . and reconstructed ( (Fig. 1e) . In this pathway, LATS1/2 is responsible for YAP/TAZ phosphorylation and inactivation, therefore their absence increases YAP/TAZ nuclear localization and subsequent activity. Validations of these CRISPR knockouts were performed via quantitative immunofluorescence (qIF) (Fig. 1f) and Western Blots (Fig 1g) . More details on qIF can be found in the SM (Fig. S1d-f) . We found that the average nuclear YAP/TAZ activity is increased in the LATS1/2 double knockout (dKO) when compared to the parental HEK 293A, although there is some overlap between the populations. Similarly, the TAZ KO and YAP KO exhibit a significant decrease in nuclear YAP/TAZ. Finally, qIF for the YAP/TAZ dKO showed low YAP/TAZ activity and low variability, suggesting this corresponds to non-specific binding and is an indication of the level of background noise in our measurement.
Across the four CRISPR generated cell lines and the parental HEK 293A, we found that the average amount of nuclear YAP/TAZ strongly correlated with the average cell volume (Fig. 1h,i) , as seen before for cells growing on substrates of varying stiffness (Perez Gonzalez, Rochman, Tao et al., 2018). Accordingly, when comparing volume distributions of all 5 cell lines (Fig. 1h) , we found that YAP/TAZ activity correlates with an increasing abundance of larger cells, e.g., LATS1/2 dKO has mostly larger cells while YAP/TAZ dKO has mostly smaller cells. When comparing the average cell volume between populations, we observed an increase of 3.01 % in the LATS1/2 dKO. As YAP/TAZ expression decreased, we observed a volume decrease of 15.8% in the TAZ KO, 18.2% in the YAP KO and 27.2% in the YAP/TAZ dKO (Fig. 1i) . It is worth noting that under favorable culture conditions, LATS1/2 are largely inhibited and YAP/TAZ are active.
This may explain why LATS1/2 dKO only produced a modest effect on cell size whereas YAP/TAZ KO produced more dramatic effects. Additionally, we assessed the cell spreading area, noticing that volume and area are positively correlated with each other, but in some cases, a volume change could be observed in the absence of an area change (Fig. S1g,h ). We also used two more common approaches to assess cell size: Coulter counter ( (Fig. 1j) and flow cytometry measurements showed a similar cell volume trend (Fig. 1k) .
In addition to the static cell volume, we examined how the cell volumetric growth rate as well as the volume at the beginning and end of the cell cycle varies with the presence of YAP/TAZ. We tracked single cell volume for five hours within the fabricated microchannels described above ( Fig.   1l ) and obtained cell growth trajectories (Fig. 1m) for each of the five cell lines. A portion of cells undergoing mitosis were observed, for which we measured the volume immediately before and after division (referred to as division and birth volumes onwards). We found that both the cell birth volume and the division volume increased with increased activity of YAP/TAZ (Fig 1n) , explicitly confirming that the observed volumetric change corresponds to an intrinsic change in volume within the population.
Single cell growth rate is proportional to cell size and follows a universal growth law.
To further understand single cell growth, we quantified added volume per unit time (volumetric growth rate) for many single cells. trajectories and obtain the growth rate, we fitted an exponential growth law to each trajectory, obtaining dV/dt versus V for each cell (Fig. 2b, 2c) . Additionally, we fitted linear growth curves to the same data (Fig. S2a,b) since it has been noted that it is difficult to distinguish between an exponential growth law from a linear growth law (Ginzberg et al., 2015) largely due to the small range of volumes observed within a single cell cycle (roughly a two-fold variation). Indeed, in the next section, we discuss that the growth law is unlikely to have a measurable influence on the average cell volume; however, our results show that the volumetric growth rate is proportional to the cell volume across populations. When all growth trajectories for all cells are overlaid (Fig. 2d), it is apparent that all 5 cell lines follow a similar growth law, i.e., the growth rate dV/dt ∝V Due to endocytosis of FITC-Dextran on longer time scales, we are not able to obtain growth trajectories for the complete cell cycle. Therefore, we are unable to observe correlations between the birth volume and the added volume at the single cell level; however, we do observe a population of cells that exhibit near zero growth over 5 hours, which we interpret as quiescent cells. We observed that cells in quiescence can also transition out of quiescence and grow again.
Finally, it is worth noting that growing cells show a continuous and proportional growth rate vs.
volume curve with no visible dependence on cell cycle phase.
Volume differences across Hippo pathway knockouts are not explained by cell cycle duration or volumetric growth law
It is clear how changing the birth and division volumes may affect the average population volume; however, it is also possible that the cell cycle duration, cell cycle phase distribution, and growth rate as a function of volume could impact the mean volume while keeping the birth and division volumes constant. For example, suppose we have a hypothetical cell for which dV/dt is positive during G1 and zero during S and G2. Further suppose that we can lengthen the duration of G2 while keeping the birth and division volumes constant. For that cell, lengthening G2 will increase the average volume of the population since each cell will spend more time at its maximum volume.
We did not observe growth laws of this type in the cell lines utilized for this paper; however, we sought to examine how small variations in the growth law (e.g., comparing the exponential and linear models) may affect average volume. In previous work (Rochman, Popescu and Sun, 2018), we discussed how some conserved quantities may be used to calculate population averages of agedependent measurements. In particular, volume and DNA distributions for an ensemble may be calculated given the growth trajectory, V(t), and DNA content progression, DNA(t), (see SM for details). We may compare two cell volume distributions: one obtained with a long cell cycle duration ( Fig. 3b red curve) and one obtained with a short duration ( Fig. 3b black curves) . The V(t) curve for the ensemble with the shorter duration will have a steeper rise regardless of whether the growth law is linear or exponential (Fig. 3c) ; however, the resultant volume distributions will be negligibly different (and the difference depends only on whether the growth rate is linear or exponential, not on the cell cycle duration) on the scale of variation we observe across the CRISPR knockouts ( Fig. 3d ), see SM for details. When the ratio of time spent in each cell cycle phase G1, S and G2 is conserved, as observed across the CRISPR knockouts (Fig. 3f) , we also predict the DNA distribution to be independent of cell cycle duration (Fig. 3e) . Thus, cell cycle duration is not predicted to impact the volume distribution, and while modifying the growth law may modestly change the mean cell cycle duration, only extremely nonlinear trends could replicate the magnitude of variation we observe across the CRISPR knockouts. As we see from Fig. 2d , the growth laws for all cell lines are generally similar, and the cell cycle duration for 5 cell lines are also very similar ( Fig. 3a) . Therefore, any impact the Hippo pathway and YAP/TAZ activity may have on the volumetric growth law or cell cycle duration ( Fig. 3a) alone is unable to explain the volume variation across the CRISPR knockouts.
Volume variations are not explained by cell geometry.
In a previous paper (Perez Gonzalez, Rochman, Tao et al., 2018), we have shown that cell geometry plays a major role in cortical force balance and is an important factor in determining cell size. In principle, regulating the spatial distribution of cortical contractility while conserving the osmotic gradient across the cell cortex could result in large changes in cell volume. For example, suppose increasing YAP/TAZ activity decreases cell protrusivity, resulting in a more hemispherical cell shape and thus higher curvature. This higher curvature, with the same pMLC expression, leads to a larger contractile force. If the pressure gradient across the cortex was constant, one way to balance that larger contractile force would be to increase cell volume and decrease the curvature while maintaining the same shape. Thus, we sought to examine how cell shape varies with YAP/TAZ activity independently of cell volume, and examined the 3D shape where the apical surface was reconstructed from the epifluorescent images used to calculate volume (Fig. 3g, h ) and normalized by cell volume (Fig. 3i) . We examined both the raw height profiles (Fig. 3j) as a function of the distance from the center of each cell as well as the fitted spherical caps (Fig. S3f) . We found that there was no consistent trend in cell shape with increasing YAP/TAZ activity. The YAP/TAZ dKO, YAP KO, TAZ KO, and parental line (HEK293A) were all found to be remarkably self-scaling. Despite having substantially different volumes, these four cell lines all had similar height profiles. It is interesting to note, however, the LATS1/2 dKO does not exhibit the same shape, spreading more than the others (more "pancake-like"). Thus, the role the Hippo pathway and YAP/TAZ activity may play in cell shape regulation alone cannot explain the variations in volume observed across the CRISPR knockouts. YAP/TAZ activity also modulates mTOR activity on the single cell level, it may explain the observed cell volume variation in Hippo pathway KOs. In order to explore this potential crosstalk between YAP/TAZ and the mTOR pathway, we first inhibited mTOR using rapamycin and replicated the previously published effect of rapamycin on cell size (Fingar et al., 2002) (Fig. S4a-c ). After 4hrs of treatment, mTOR activity is diminished as reported by pS6 expression using qIF (Fig 4a, b) . However, cell volume did not change significantly after 4 hrs. Instead, a noticeable cell volume decrease of 28.9% occurred after 72 hours, close to the range previously reported (Fingar et al., 2002) . In addition, we found that under mTOR inhibition, YAP/TAZ activity remained unchanged, suggesting that mTOR is not an upstream regulator of YAP/TAZ (Fig.   S4a,b,d,e) .
Cell Volume Regulation by YAP/TAZ is independent of mTOR activity
Next, we sought to characterize mTOR activity (reported to be involved in protein production) in all Hippo pathway KOs, as well as the total cell protein content and cell protein synthesis rate.
Total cell protein content is measured using the total fluorescence from cells stained with a succinimidyl ester dye (Kafri et al., 2013) . This measurement has already been reported to be well correlated with measurements of dry mass by quantitative phase microscopy (Kafri et al., 2013 ).
The cell protein synthesis rate is measured using the SUnSET method (Schmidt et al., 2009). By treating cells with low concentration puromycin and staining puromycin labeled pre-mature peptides, we quantified the rate of protein synthesis in single cells by assessing the qIF signal of puromycin labeled peptides within the cytoplasm. We found that although there is major change in YAP/TAZ expression throughout these cell lines (Fig. 4d) , mTOR activity, as measured by total pS6, remained fairly constant (Fig. 4e) , further ruling out crosstalk between these pathways at the single cell level. We found no change in total cell protein content across 5 cell lines. The cell protein synthesis rate is also generally constant, with LATS1/2 dKO showing a slight increase.
Finally, we asked whether mTOR or Hippo pathways are independent in their regulation of cell volume and whether they have a synergistic effect. We found that when inhibiting mTOR activity with rapamycin in all Hippo pathway KOs, there was a general trend of obtaining additional volume reduction to what we had already seen in the Hippo KOs. Only the TAZ KO showed no significant volume reduction after mTOR inhibition. These results suggest that under the conditions tested, Hippo and mTOR have a synergistic effect in their regulation of cell volume and act essentially independently.
Tension regulation through the G1/S checkpoint could explain cell volume variations.
So far, we have demonstrated that all volume changes observed due to the modulation of YAP/TAZ activity are not explained by the role of YAP/TAZ in the regulation of the volumetric growth rate (Fig. 2) , cell cycle duration (Fig. 3) , cell geometry (scaled by volume) (Fig. 3) , or mTOR activity (Fig. 4) . In previous work (Perez Gonzalez, Rochman, Tao et al., 2018), we discussed the relationships between YAP/TAZ, cortical tension, and volume. Here we go a step further to propose that the trend of increasing volume across the CRISPR knockouts might be explained as a consequence of increasing cell tension which in turn increases YAP/TAZ activity (Fig. 5a,b) . As previously published, we propose that the distribution of cortical tension, maintained through phosphorylated myosin mediated active contraction, determines the force balance at the cortex, thereby determining the volume of the cell. To validate this framework for the Hippo pathway KOs, we first measured pMLC expression, and found that, as expected, it was positively correlated with YAP/TAZ expression and activity (Fig. 5d ) while its distribution in the cell apical cortices remained fairly constant (Fig. S5a-c) . When comparing our measured values for pMLC and volume, we found that pMLC was an excellent proxy for cell volume (Fig. 5f ). We went on to characterize the pMLC expression for cells identified to be in G1 by Hoechst labelling for each cell line and found that the G1 exit value for pMLC (the value bounding 90% of cells in G1) was again correlated with the average cell volume of the cell line (Fig. S5a) . We hypothesize that YAP/TAZ and pMLC may be influencing a G1/S cell cycle checkpoint. To support the existence of such a checkpoint which has recently been motivated in monolayers (Uroz et al., 2018) for isolated HEK single cells, we measured cell cycle progression in a synchronized population under pMLC inhibition with the ROCK inhibitor Y27632. We took an asynchronous population (Fig. 5g) , performed mitotic shake off detachment to obtain dividing cells, and let this population progress to G1 (Fig. 5h) . We then compared the evolution of this population over time with (Fig. 5j) and without (Fig. 5i) the addition of Y27632. We found that with the addition of Y27632, there were significantly fewer cells progressing from G1 to S. Recently, it was shown that cell cytoskeletal tension impacts the association of the SW1/SNF complex with YAP/YAZ, which inhibits transcriptional activity of nuclear YAP/TAZ (Chang, et al. 2018 ). This result, in combination with our observation, suggests that pMLC activity and cell tension together with YAP/TAZ activity are involved in the determination of this cell cycle checkpoint.
Discussion
Our data shows that YAP/TAZ and the Hippo pathway are involved in regulating single cell volume and provides insights into how YAP/TAZ is potentially regulating cell size. We found cell birth volume and division volume to be dependent on YAP/TAZ activity with higher YAP/TAZ activity leading to larger cell size. We validated (Pouffle, 2018) that cell cycle duration decreases with increasing YAP/TAZ activity, and also observed that the volumetric growth rate dV/dt increases with YAP/TAZ activity.
Neither the observed dependence on YAP/TAZ activity for the regulation of cell cycle duration nor any potential modulation of the volumetric growth law is able to explain the volume variation observed. We additionally considered the possibility that this phenomenon is purely mechanical, owing to the potential role of YAP/TAZ in the regulation of cell shape; however, we found four out of five of the cell lines that we investigated to exhibit self-similar shapes negating this hypothesis as well. Finally, we sought to establish YAP/TAZ as either directly up or downstream of mTOR, a known regulator of cell volume, and instead, w found them to act both independently and synergistically under the conditions tested in this study.
Having exhausted these possible explanations, we aimed to propose a novel mechanism implicating the role of YAP/TAZ in the regulation of cortical tension and thus cell volume throughout the G1/S checkpoint. We established a strong positive correlation between YAP/TAZ activity, cell volume, and cell tension and went on to validate the importance of cell tension through the navigation of the G1/S checkpoint in isolated HEK single cells by demonstrating that ROCK and myosin inhibition delays or prohibits the exit of G1 and entrance to S. We posit that YAP/TAZ modulates cortical tension, and thus cell volume during this transition, further impacting volume at birth and division. Recently, it was shown that the SWI/SNF complex can inhibit YAP/TAZ transcriptional activity in the cell nucleus in a cell tension sensitive manner 
